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Abstract
The chick ciliary ganglion is a neural crest-derived parasympathetic ganglion that innervates the eye. Here, we examine its axial level
of origin and developmental relationship to other ganglia and nerves of the head. Using small, focal injections of DiI, we show that neural
crest cells arising from both the caudal half of the midbrain and the rostral hindbrain contribute to the ciliary as well as the trigeminal
ganglion. Precursors to both ganglia have overlapping migration patterns, moving first ventrolaterally and then rostrally toward the optic
vesicle. At the level of the midbrain/forebrain junction, precursors to the ciliary ganglion separate from the main migratory stream, turn
ventromedially, and condense in the vicinity of the rostral aorta and Rathke’s pouch. Ciliary neuroblasts first exit the cell cycle at early E2,
prior to and during ganglionic condensation, and neurogenesis continues through E5.5. By E3, markers of neuronal differentiation begin to
appear in this population. By labeling the ectoderm with DiI, we discovered a new placode, caudal to the eye and possibly contiguous to
the trigeminal placode, that contributes a few early differentiating neurons to the ciliary ganglion, oculomotor nerve, and connecting
branches to the ophthalmic nerve. These results suggest for the first time a dual neural crest and placodal contribution to the ciliary ganglion
and associated nerves.
© 2003 Elsevier Inc. All rights reserved.
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Introduction
Neural crest cells emerge from the neural tube shortly
after its closure and subsequently undergo extensive migra-
tions. A variety of techniques have been used to map the
contributions of neural crest cells arising at different axial
levels to different derivatives. For example, cranial neural
crest cells arising from rhombomere (r) 1 and r2 populate
the trigeminal ganglia and mandibular processes of the first
arch, whereas r4 neural crest contributes to the second
(hyoid) arch (Lumsden et al., 1991; Sechrist et al., 1993).
Following migration, cranial neural crest cells differentiate
into a plethora of cell types, including the skeletal elements
of the face, muscle connective tissue, pigment cells, and
neurons and glia of the cranial ganglia (Le Douarin and
Kalcheim, 1999).
Cranial ganglia arise both from neural crest cells and
from a second ectodermal population, cranial neurogenic
placodes, which are thickenings in the ectoderm, from
which cells delaminate and migrate into the head mesen-
chyme much like neural crest cells. Some cranial sensory
ganglia, such as the acoustic ganglion, are entirely derived
from placodes; others, such as the trigeminal ganglion,
receive a dual contribution from the neural crest and pla-
codes (Hamburger, 1961). The parasympathetic ciliary gan-
glion has been reported to be entirely neural crest-derived
(D’Amico-Martel and Noden, 1983). This ganglion pro-
vides cholinergic innervation to the eye.
Previous studies have examined the origin of the avian
ciliary ganglion from the neural crest by ablating the neural
folds to remove neural crest precursors at selected cranial
axial levels (Hammond and Yntema, 1958) or by grafting
quail or 3H-thymidine-labeled chick neural folds or tube
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segments orthotopically into host chick embryos to deter-
mine the axial levels from which ciliary ganglionic precur-
sors arise (D’Amico-Martel and Noden, 1983; Narayanan
and Narayanan, 1978; Noden, 1975, 1978). These studies
have provided somewhat contradictory results, with some
investigators concluding that the ciliary ganglion solely
arose from midbrain neural crest and others suggesting a
possible rostral hindbrain contribution as well. Since the
ablations and grafts incorporated rather large areas of tissue,
the precise axial level(s) from which ciliary precursors arose
was not well determined. In addition, there has been little
information about the dynamic aspects of migration of cil-
iary precursors to their target sites, the time of origin and
differentiation of the first ciliary neurons, and whether there
is any placodal contribution to the ciliary ganglion.
Refined techniques that allow labeling of small popula-
tions of neural crest precursor cells are now readily avail-
able. Use of the vital dye, DiI, has significantly enhanced
our ability to track and identify both trunk and cranial neural
crest populations (Serbedzija et al., 1989). Migration of
placodal cells can be followed as well by briefly bathing the
embryos with DiI after dorsal neural tube closure at the 11-
to 12-somite stage (Stark et al., 1997).
Here, we use small focal injections of DiI combined with
birth-dating and molecular markers to precisely determine
the axial level of origin of ciliary precursors. We also follow
their migratory trajectories as a function of time and deter-
mine their early differentiation sequence. Our results show
that not only caudal midbrain, but also rostral hindbrain
neural crest contributes to the ciliary ganglion. Precursors to
both ciliary and trigeminal ganglia initially overlap while
migrating, but those destined to contribute to the ophthalmic
portion of the trigeminal ganglion and the ciliary ganglion
subsequently turn rostrally and move toward the eye. The
ciliary precursors move inward at the level of the midbrain/
forebrain junction and condense on the developing oculo-
motor nerve in the vicinity of the rostral aorta and Rathke’s
pouch. Some ciliary neuroblasts exit the cell cycle prior to
and during ganglionic condensation with differentiation oc-
curring postmitotically. In addition to a neural crest contri-
bution, vital dye labeling of the ectoderm reveals a previ-
ously unknown contribution of a ventrolateral postoptic
ectodermal placode to the ciliary ganglion and oculomotor
nerve. Large sensory neurons have been described in the
ciliary ganglion and in association with cranial nerves in-
cluding the oculomotor nerve for nearly 100 years (Borto-
lami et al., 1977; Rogers, 1957; Tozer, 1912), but their
origin has remained elusive until now.
Materials and methods
Embryos
Fertilized chicken eggs (White Leghorn and Rhode Is-
land Red) were obtained from commercial sources and
incubated at 38°C until having 7–15 somites [stages 9–11,
(Hamburger and Hamilton, 1951)]. A window was cut in the
egg shell, and a 1:20 mixture of India ink and Ringer’s
Fig. 1. DiI-labeled migratory neural crest cells shown in whole-mount and transverse sections. (A) An embryo injected at the caudal midbrain level at the
8-somite stage and collected at 20 somites (18 h later, 2.25 days total). (A) In dorsal whole-mount view, streams of DiI cells move ventrolaterally
(arrowhead) and rostrally (arrow) in the longitudinal plane. By the 20-somite stage, some migratory cells have approached the level of the caudal eye/forebrain
(FB). (B) A transverse section showing the primary injection site and ventrolateral migratory stream (arrowhead). (C) Rostral migrating cells (arrow) dorsal
to caudal eye level and lateral to the floor of the rostral midbrain (rMB) represent trigeminal/ciliary neural crest; the latter has not yet moved ventromedially.
The position of these neural crest cells (arrow) overlaps that of placode-derived ophthalmic nerve cells. Dash lines in (A) indicate plane of section for (B)
and (C).
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solution was injected beneath the blastoderm to visualize
the embryo.
Focal DiI injections
Chicken embryos between 7–10 somites (stages 9–10)
were used for focal injections. Eggs were prepared as de-
scribed above, and the vitelline membrane was cut and
deflected away by using a fine tungsten needle to expose the
embryo. A fixable form of DiI, Cell Tracker CM-DiI (Mo-
lecular Probes), was dissolved in 100% ethanol to 1 mg/ml
and back-loaded into glass micropipettes. A small amount
of dye was injected by air pressure into the dorsal neural
tube surface at selected locations (Table 1). Eggs were
sealed and returned to incubator until the time of harvest
(E2–E5.5).
Ectoderm DiI labeling
Embryos with 11–15 somites (stages 10–11) were used
for these experiments to avoid dye labeling of neural crest
cells, since neural tube closure was complete dorsally in
Table 1
Injection sites and distribution of DiI-labeled neural crest cells in vicinity of ciliary ganglion
Injection site & embryo # DiI labeling Distribution of DiI  cells
Oph N Op V Ciliary gang Oc N
Caudal forebrain
1 9s3E4.5    
2 7s3E5.5    
Rostral midbrain
3 8s3E4.5    
4 9s3E4.5    
Mid midbrain
5 9s3E5.5    
6 9s3E4.5    
Caudal midbrain
7 9s3E5.5    
8 9s3E5.5    
9 8s3E4.5    
10 9s3E4.5    
Midbrain–hindbrain Jct.
11 8s3E5.5    
12 8s3E3.5    
13 8s3E5.5    
14 9s3E3.5    
15 9s3E4.5    
Rostral hindbrain (r1)
16 9s3E5.5    
17 8s3E3    
18 8s3E4.5    
19 9s3E5.5    
r1/r2 Jct.
20 8s3E3.5    
Rostral hindbrain (r2)
21 8s3E4    
Rostral hindbrain (rostral r3)
22 8s3E3.5    
Mid-hindbrain (caudal r3)
23 8s3E4    
Mid-hindbrain r4
24 9s3E4    
Mid-hindbrain r5
25 9s3E3.5    
, many labeled cells.
, some labeled cells.
, few, scattered labeled cells.
, no labeled cells.
Ciliary gang, ciliary ganglion.
Oc N, oculomotor nerve.
Oph N, ophthalmic nerve.
Op V, ophthalmic ganglion.
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cranial regions by 11 somite stage. CM-DiI stock solution (1
mg/ml) was diluted 1:10 with 0.3 M sucrose solution and
dripped onto embryos. About 45 min after DiI addition,
embryos were rinsed with Ringer’s solution to wash out the
excess dye. Embryos were further incubated for various
lengths of time from E2 to E4.5 and fixed by immersion in
4% paraformaldehyde.
Immunohistochemistry
Anti-neurofilament intermediate M subunit (NF; RMO
270.3, 1:300; gift from Dr. Virginia Lee) or anti-HuD (1:
250; Molecular Probes) immunostaining was done alone or
in combination with DiI-labeled embryos to identify differ-
entiated neurons. Anti-neurofilament (NF) and anti-HuD
were visualized by Cy2-conjugated donkey anti-mouse IgG
or Alexa 568-conjugated goat anti-mouse IgG. Neural crest
cells were identified by anti-75 neurotrophin receptor
(p75NTR, gift from Dr. Louis Reichardt) followed by Alexa
488-conjugated goat anti-rabbit IgG or HNK-1 followed by
rhodamine Red X-conjugated donkey anti-mouse IgM
(Jackson ImmunoResearch). NF staining was observed in
cell bodies and processes, whereas HuD staining was con-
fined to the cell body and p75NTR gave cell surface staining.
Cell cycle analysis
3H-Thymidine labeling
Beginning at stage 7 to 15, embryos received two 25-l
injections of 10–40 Ci of 3H-thymidine (New England
Nuclear; 6.7Ci/mmol), separated by a 3-h interval, into the
yolk sac or applied dorsally through a hole in the vitelline
membrane. Embryos were treated for a total of 8–30 h (up
to E4), collected and fixed overnight in 2% paraformalde-
hyde/2% glutaraldehyde in 0.05 M PBS. They were then
postfixed in 2% osmium tetroxide for 1 h, embedded in
Epon, sectioned at 0.5–1 m, stained with toluidine blue,
and coated with a carbon film prior to coating with Kodak
NTB-2 emulsion (Sechrist and Marcelle, 1996).
BrdU labeling and cryostat sectioning
BrdU (3–5 g/ml) in 0.9% saline was applied to stage
9–16 embryos every 18–24 h until time of collection (up to
E4). Stage 13–22 embryos were fixed in 4% paraformalde-
hyde for 4 h at room temperature or overnight at 4°C. They
were then washed three times in PBS, infiltrated for 4–24 h
with 5 and 15% sucrose sequentially, and embedded in
7.5% gelatin/15% sucrose. Embedded embryos were frozen
in liquid nitrogen, and 10-m serial sections were cut and
collected on SuperFrost Plus slides (Fisher). Slides were
washed in 42°C PBS for 5–10 min, incubated in 50 g/ml
DNase I at 37°C for 30 min prior to blocking and incubation
with anti-BrdU (SeraLab; 1:500) and anti-neurofilament M
or anti-HuD. Anti-BrdU immunoreactivity was visualized
by a rhodamine Red X-conjugated donkey anti-rat IgG
(Jackson ImmunoResearch), and anti-neurofilament, and
anti-HuD immunoreactivity by a Cy2-conjugated donkey
anti-mouse IgG.
Results
The ciliary ganglion is a neural crest-derived parasym-
pathetic ganglion of the head. However, its axial level of
origin and its developmental relationship to other ganglia
and nerves of the head have not been fully described. Here,
we use focal DiI labeling to establish the precise region of
the neural axis from which ciliary precursors arise and use
ectodermal DiI labeling to examine a placodal contribution
to the ganglion. We analyze the birth and differentiation of
the first neurons within the ganglion and characterize the
temporal relationship between the precursors of the ciliary
ganglion and the developing oculomotor nerve.
Neural crest precursors of the ciliary ganglion arise from
caudal midbrain and rostral hindbrain
To precisely determine the neural crest contribution to
the ciliary ganglion, focal injections of the vital dye, DiI,
were made into the dorsal portion of the neural tube in
embryos having 7–10 somites (stages 9–10). Typically, one
to two injections were performed per embryo. Because
previous transplantation experiments suggested that the
ganglion arose from midbrain and perhaps regions just cau-
dal to it, most injections targeted to the presumptive caudal
forebrain through r2 of the rostral hindbrain. Table 1 indi-
cates the locations of injections at various levels of the
cranial neural tube. Transverse sections through embryos
immediately after injection revealed that the dye is primar-
ily limited to the dorsal neural tube region from which
presumptive neural crest cells arise, as well as a few early
migrating neural crest and the overlying midline ectoderm.
Our DiI injections partially confirm the results of the
quail/chick transplant experiments showing that midbrain
neural crest contributes heavily to the ciliary ganglion
(Narayanan and Narayanan, 1978). However, we find that
the source of origin of ciliary precursors spans primarily
from the caudal half of the midbrain to rostral rhombomere
2 of the hindbrain (Figs. 1–3, 4B, and 5A–C; Table 1). In
addition, we observed a very minor contribution to the
ciliary ganglion from the rostral midbrain level (n  2,
Table 1). Injections performed in the caudal forebrain (n 
2) failed to contribute to the ciliary ganglion, but did con-
tribute to ectomesenchymal cells around the eye and some
cells associated with the ophthalmic nerve. Unlike Naray-
anan and Narayanan (1978) but consistent with Noden
(1978), we observed that the rostral hindbrain (particularly
r1) of the 7- to 10-somite embryo (n  4) also contributes
to the ciliary ganglion although to a lesser extent than the
caudal midbrain (n  4) or midbrain–hindbrain junction (n
 5). Direct comparison within a single embryo injected
with DiI into the left half of the neural tube at r1 and right
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half of the neural tube at the caudal midbrain level reveals
a contribution from both (n  3); however, a larger number
of labeled cells in the ciliary ganglia derived from injections
into the caudal midbrain or midbrain–hindbrain junction
regions (Fig. 3). For injections performed at/or caudal to r2,
no contribution to the ciliary ganglion was observed (Table
1), but contribution to both lobes of the trigeminal ganglion
was noted from r2. Thus, by using small focal injections of
DiI, we have more precisely refined the source of the ciliary
ganglion cells.
Migration patterns of neural crest precursors to the
ciliary ganglion
By examining embryos at various times after DiI label-
ing (ranging from stage 9 to 18; embryos with 7 to 36
Fig. 2. Focal DiI injections into the rostral hindbrain reveal a neural crest contribution to the ciliary ganglion. (A) Horizontal section, cut parallel to the
ophthalmic ganglion/nerve (OpV), of an embryo injected at the level of r1 at 8 somites (stage 9) and collected at 28–30 somites (stage 16/17; 1.5 days after
injection, 3 days incubation total). DiI labeling was observed in neural crest cells in the ophthalmic ganglion/nerve transition region as well as in several more
medial cells (arrows). The rostral hindbrain (HB), foregut (FG), Rathke’s pouch (RP), and aorta (Ao) are included for orientation. (B) A more ventral section
shows additional DiI-labeled neural crest cells (arrows) also localized medially in the same dorsoventral plane as those in (A). These DiI cells are
approaching the ciliary ganglion precursor region adjacent to the aorta (Ao), rostral foregut (FG), and Rathke’s pouch (RP), whereas those in (A) are near
the region that soon will be traversed by elongating oculomotor nerve fibers. (C) A horizontal section cut parallel to the ophthalmic ganglion (OpV) of an
embryo after a focal DiI injection between r1 and r2 at the 7- to 8-somite stage and collected 2 days after injection (3.5 days total, stage 18/19). Robust DiI
labeling is apparent in neural crest derived cells in both ophthalmic (OpV) and maxillomandibular (MmV) ganglia of the trigeminal at their attachment sites
to the rostral hindbrain (HB). (D) Part of a more rostroventral section shows DiI cells in the condensing ciliary ganglion (CG, encircled by white dots) just
lateral to Rathke’s pouch (RP), caudal forebrain (FB), and aorta (Ao). A brightly labeled cell can also be seen in the ophthalmic nerve (OphN).
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somites), we were able to establish a dynamic picture of the
early migration pattern of precursors to the ciliary and
ophthalmic ganglia. A few hours after injection, the first
neural crest cells were noted emigrating from the neural
tube at the level of the caudal midbrain/rostral hindbrain at
stage 9–10 (8–10 somites). With time, these cells migrated
laterally and ventrally as a stream coursing beneath the
ectoderm away from the initial injection site. Although the
DiI-labeled cells initially had a trajectory that appeared to
be at right angles to the neural axis, they subsequently
turned rostrally and migrated toward the eye (Fig. 1 and see
Fig. 9A). This group of migrating cells contributes to the
ciliary ganglion as well as the ophthalmic lobe of the tri-
geminal ganglion (Fig. 2) as suggested by Hammond and
Yntema (1958).
By stage 16/17 (E2.5–3), an interesting separation was
observed between ciliary and ophthalmic precursors (Fig.
2A and B). These two cell populations were earlier observed
in a single stream moving laterally and then longitudinally.
However, a few DiI labeled cells have now migrated me-
dially toward the site where the future ciliary ganglion will
arise, despite the fact that there is yet no obvious cell
condensation (Fig. 2A and B). This was the earliest time at
which such an inward migration of ciliary ganglion precur-
sors was noted. This separate group of condensing cells
maintains its medial location, and by stage 18 (E3), a mor-
Fig. 3. The midbrain/hindbrain junction (A, B) and caudal midbrain (C, D) contributes the majority of neural crest cells to the ciliary ganglion. (A and B)
Adjacent sections of a stage 26 (E5.5) embryo collected 4 days after DiI injection at the midbrain/hindbrain level at 8 somites. (A) A horizontal section of
the ciliary ganglion (CG) and part of the eye shows numerous HuD neurons surrounding the oculomotor nerve. Many DiI neural crest cells (B) have
migrated to the ganglion; some cells in (A) are DiI/HuD confirming that they are neurons. (C and D) A transverse plane of section of stage 27 (E5.5)
embryo collected 4 days after a caudal midbrain injection at 9 somites. (C) The oval ciliary ganglion (CG) stained with anti-NF is positioned between the
caudal forebrain (FB)/Rathke’s pouch (RP) and the expanding eye. (D) Many lightly labeled DiI cells are shown in the ciliary ganglion region. Note that
the DiI labeling becomes diluted with cell division.
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phologically distinct ganglion is recognizable in the vicinity
of the rostral aorta and Rathke’s pouch (Fig. 2D). As addi-
tional neural crest cells arrive and proliferate adjacent to the
oculomotor nerve, the ciliary ganglia enlarge and become
oval in shape (Fig. 3). Numerous neural crest cells moving
toward the oculomotor nerve/ciliary ganglion appear adja-
cent to, as if following, a connecting nerve between the
oculomotor and proximal ophthalmic nerve of V, which is
established by stage 18/19.
Birth and differentiation of neural crest derived ciliary
ganglion neurons
The ciliary ganglion in the adult is attached to the base of
the oculomotor nerve and is close to the optic nerve. There-
fore, we examined the relationship between these develop-
ing nerves and the forming ciliary ganglion. Oculomotor
axons exit the floor of the rostral midbrain by stage 16. A
few growth cones extend toward the site of the future ciliary
ganglion at stage 16–17 (28 to 32 somites, Fig. 4A).
Interestingly, this correlates well with the time when we first
observed medial migration of cells in the rostral neural crest
stream toward the site of the future ciliary ganglion (Fig. 2A
and B). It should be noted that by stage 17 (E3), the site of
ciliary ganglion condensation lateral to Rathke’s pouch is
caudal to the eye and optic stalk. As the eye enlarges and
differential growth occurs, the optic nerve and ciliary gan-
glion become more juxtaposed by E6.
Embryos receiving focal injections of DiI into the mid-
brain/hindbrain region were allowed to develop to stage
16–19. The relative positions of differentiating neural crest
cells and oculomotor axons were determined by comparing
staining with anti-HuD in the cell body or anti-neurofila-
ment staining in the processes and cell bodies. We noted a
close relationship between the position of the oculomotor
axons and the ciliary ganglion neuroblasts with the latter
surrounding and appearing to condense along the oculomo-
tor nerve (Fig. 5). This raises the intriguing possibility that
interactions between the nerve and ciliary precursors may
influence the migration and/or condensation of the ganglion.
However, ablation of the midbrain, which leads to loss of
both midbrain structures and oculomotor nerve, does not
prevent ciliary ganglion development (Hammond and
Yntema, 1958; Jones, 1945).
The first differentiation of neuroblasts in the ciliary gan-
glion region was detected by neuronal markers, neurofila-
ment or HuD to recognize neurons, and DiI labeling and
p75NTR antibody immunoreactivity to demarcate neural
crest cells within the forming ganglion region. The earliest
detectable neural crest-derived neuroblasts were noted at
stage 16/17 (28–30 somite embryo), just prior to the time
when the ganglion becomes morphologically distinguish-
able due to cellular condensation (Fig. 4B and C). Similar
early post-mitotic cells (3H-Thymidine negative) were also
more dispersed than might be anticipated (data not shown).
By stage 18/19 (36 somites), ciliary neurons aggregate
around the expanding oculomotor nerve (Fig. 5); a few have
already begun to send their axons toward the eye, where
they innervate the ciliary muscle and the vasculature of the
choroid layer (Fig. 5A–C). The number of neurons increases
dramatically with time. Interestingly, DiI labeling, which is
diluted with cell division, is still recognizable in ciliary
ganglia at embryonic day E5.5 (stage 27), indicating that the
number of divisions is limited in the neuronal precursors of
this cell population (Figure 3D). Some sensory fibers and
large neuronal cell bodies can be observed along the ocu-
lomotor nerve as early as E3 (stage 18/19) as described
below.
It is known that neurogenesis in the chick ciliary gan-
glion begins about 2.5 days and is completed by 5.5 days of
development in the chick (D’Amico-Martel, 1982). Given
that the ciliary ganglion cells approach their site of local-
ization as early as stage 16, we next set out to determine
when the neurons were first born in this population. We
used both BrdU labeling and 3H-thymidine administration
to determine the time at which some ciliary precursors first
withdrew from the cell cycle. A few neural crest-like cells
at the site of the forming ganglion were no longer cycling as
early as E2.25 (stage 14; 22–24 somite stage). In embryos
examined between stages 14 and 18 (22- to 36-somite
stage), or for longer intervals following BrdU treatment,
very few small ciliary ganglion neurons were detected due
to inhibition of differentiation and cell death (Fig. 4D). In
the vicinity of small ciliary neurons, we consistently ob-
served a few large neurons that had earlier birthdates, ap-
parently prior to E2. These large neurons are likely to be
placode-derived (see below) based on their size and posi-
tion.
Placodal contribution to the ciliary ganglion and
oculomotor nerve
The autonomic ciliary ganglion has been assumed by
many investigators (D’Amico-Martel and Noden, 1983; No-
den, 1978) to be derived entirely from the neural crest and
to contain only motor neurons. In order to systematically
examine whether there was any placodal contribution to the
ciliary ganglion, we labeled the surface ectoderm of em-
bryos with DiI at the 11- to 12-somite stage after the time of
cranial neural tube closure (so as not to label presumptive
neural crest cells) but prior to placode invagination (in order
to label all placodal precursors).
Interestingly, we noted a few DiI labeled cells of placode
origin in the vicinity of the ciliary ganglion region that
appeared to arrive at this site prior to the neural crest
component to the ganglion (Fig. 6 and see Fig. 9A). This
population of placode cells arises during stages 10 to 13
by ingression from the ventrolateral ectoderm caudal to the
developing eye at the level of the rostral foregut, Rathke’s
pouch, and the regressing first aortic arch. These cells ap-
pear to be large neuroblasts in the ectoderm that may exit
the cell cycle as early as stage 9 and differentiate prior to the
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neural crest-derived ciliary neurons (Fig. 6E and F and see
Fig. 8 ). In addition to being incorporated into the core of
the ciliary ganglion, the DiI-labeled cell bodies of early
differentiating placodal neurons were also observed along
the distal oculomotor nerve and forming connecting
branches with the proximal ophthalmic nerve (Fig. 7 and see
Fig. 9B). Several were observed within condensing extraoc-
ular muscle such as the lateral rectus and some in the ciliary
nerve close to the ganglion
The placode generating these early differentiating sensory
neurons has not been previously described. This placode is
caudal to the developing eye and contributes sensory neurons
to the ciliary ganglion and nerve, the distal portion of the
oculomotor nerve, and the connecting fibers to the ophthalmic
nerve and ganglion (see Fig. 9B). Ectodermal DiI-labeling
suggests that this ventral placode may be contiguous to the
more dorsal ophthalmic trigeminal placode, thus comprising a
multifocal placode that appears Y-shaped, with the split of the
Y adjacent to the rostral midbrain/caudal forebrain level.
Discussion
Source of neural crest contributing to ciliary ganglion
The chick ciliary ganglion is the largest of several para-
sympathetic ganglia derived from cranial neural crest cells.
Previous transplantation experiments have yielded some-
what conflicting results on the origin of the ciliary ganglion
(Narayanan and Narayanan, 1978; Noden, 1975, 1978). To
resolve these differences, we have used DiI labeling tech-
niques to mark small groups of cells arising from defined
regions. This has allowed us to generate a more refined map
of the extent of origin of ciliary precursors. Our results show
that these precursors arise from a region that overlaps with
but is less extensive than that contributing to the trigeminal
ganglion. During their migration, there is an interesting
bifurcation in the migratory pathways taken by ciliary and
trigeminal ophthalmic precursors. The ciliary precursors
leave the “trigeminal stream” moving toward the eye and
migrate ventromedially to condense near the aorta and Rath-
ke’s pouch in a location initially caudal to the eye.
Our results (Table 1) show that the caudal half of the
midbrain as well as rhombomere 1 of the rostral hindbrain
account for most of the neural crest populating the ciliary
ganglia. The contribution from r1 was not recognized by
Narayanan and Narayanan (1978) who used neural tube and
neural fold transplantation to map the neural crest input to
the ciliary ganglion. One difference in our experiments and
those of these previous investigators was that their trans-
plants were performed at slightly different stages (stage 8
versus stage 9). A partial explanation for this difference may
be that neural crest precursors in the midbrain and hindbrain
are known to shift caudally between stages 8 and 9, prior to
their lateral migration (Birgbauer et al., 1995). A second
possibility is that the small focal DiI injections used in the
present study are more precise, localized and easier to detect
than the previous quail/chick neural fold grafts, which were
evaluated using a Feulgen stain. Consistent with our data,
Noden (1978) found a large neural crest contribution to the
ciliary ganglion after performing quail/chick chimeric grafts
of caudal midbrain plus rostral hindbrain; however, no
grafts were performed of the rostral hindbrain alone.
There is a suggestion that ciliary precursors may be
specified quite early in their development; immunohisto-
chemistry has suggested that some migrating mesencephalic
neural crest cells already express a high affinity choline
uptake transporter (Barald, 1988, 1989). Because these cells
may be destined to become cholinergic, this leads to the
interesting possibility that perhaps the ciliary precursors
segregate from other neural crest precursors and undergo
directional migration due to intrinsic differences that result
in differential responses to the same migratory environment.
However, it is not clear if all of these cells will become
cholinergic or if this population expresses other markers of
cholinergic differentiation; a recent study (Muller and
Rohrer, 2002) suggests that the choline transporter may not
be expressed prior to ciliary ganglion condensation.
Rostral movement of ciliary precursors
Our data show a strong correlation between the position
of migrating neural crest cells and placodes. Neural crest
cells arising from the midbrain and rostral hindbrain move
ventrally between the ectoderm and mesoderm toward the
pharynx and mandibular arch. Precursors to the ciliary and
ophthalmic ganglia then appear to turn rostrally, as if mov-
ing subjacent to the trigeminal ophthalmic placode ecto-
derm (Fig. 9A). As these cells move rostrally, the ciliary
component appears to turn inward at the caudal forebrain
level into a region that is relatively free of mesodermal
mesenchyme, which presents no barrier to migration (No-
den, 1975). The ciliary precursors move toward Rathke’s
pouch and the first aortic loop where the adjacent mesen-
chyme is BMP positive (Muller and Rohrer, 2002) which is
apparently crucial for ciliary neuron differentiation. The
migratory behavior of ophthalmic and ciliary precursors as
they approach the ophthalmic placode is reminiscent of that
observed in the vicinity of the otic or epibranchial placodes,
where hindbrain neural crest cells appeared to be selectively
attracted to these targets even when they were transposed to
a heterotopic site (Sechrist et al., 1994).
The integration between epibranchial placode neurons
and the hindbrain is thought to be achieved by the guidance
of hindbrain neural crest cells destined to form neuroglia
(Begbie and Graham, 2001). Following selective neural
crest ablation, Begbie and Graham found that placodal neu-
rons did not establish normal central connections in the
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hindbrain. These experiments are similar in results and
design to an earlier set of elegant experiments performed at
the trigeminal level (Hamburger, 1961; Hammond and
Yntema, 1958). However, it remains an open question
whether streams of neural crest at all axial levels can orga-
nize the placodal innervation of the brainstem in an active
rather than passive manner. The peripheral neural circuitry
between the eye region and rostral brainstem is so complex
Fig. 4. Early oculomotor nerve outgrowth and differentiation of ciliary ganglion precursor cells just before condensation. (A) A stage 16/17 embryo (29/30
somites) immunostained with anti-neurofilament (NF) showing the ophthalmic nerve (OpV) and elongating oculomotor nerve fibers (OcN). (B) A stage 17
embryo (30 somites) that received a focal DiI injection at the 8-somite stage at the midbrain/hindbrain boundary. Several DiI neural crest cells (ciliary
ganglion precursors) between the ophthalmic nerve (OpV) and rostral aorta (Ao) become NF (arrows, orange cells) prior to condensation. (B) Higher
magnification of (B) inset shows anti-NF staining in the cells that are highlighted by the arrows. (C) A stage 16/17 embryo (28/29 somites) immunostained
with anti-p75NTR (red) and anti-NF (green). p75NTR cells show the inward ventromedial orientation of neural crest cells. Anti-NF stained the ophthalmic
ganglion/nerve (OpV); note the large green process that is part of a placodal neuroblast. A small differentiating neural crest-derived neuroblast can be seen
(arrow) ventromedial to the ophthalmic ganglion. (C) Higher magnification of (C) inset shows the anti-NF staining in the cell highlighted by the arrow. (D)
A stage 18 embryo that was treated with BrdU for 30 h (stage 15–18). High magnification view of a small ciliary ganglion neuroblast (arrowhead) that
was postmitotic (BrdU-) by 24 somites (stage 14/15).
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that migrating neural crest cells at that level form no obvi-
ous prepattern.
Consistent with Begbie and Graham’s neuroglia guid-
ance concept (Begbie and Graham, 2001), Noden suggested
that neural crest cells migrating beneath presumptive pla-
codes could activate corresponding axial site-specific ho-
meobox genes (Noden, 1991; Noden, 1993). There is in-
creasing evidence, however, that the trigeminal placode
(particularly the ophthalmic portion) develops more preco-
ciously than originally thought; for example, induction of
the avian ophthalmic placode and initiation of cellular fate
commitment is already underway by the 3- to 5-somite stage
(Baker and Bronner-Fraser, 2000) whereas neural crest mi-
gration initiates at the 8- to 9-somite stage. Sze´kely (1959)
performed a series of transplant experiments between the
trigeminal and vagal placodes of amphibian embryos and
studied the subsequent effects on corneal and gill reflex
activity. Although early transplants showed complete plas-
ticity, those done at later stages led to a combination of
normal (gill) and abnormal (both gill and corneal) reflexes
upon stimulation of the gill. This suggests that some placode
cells were already committed to form trigeminal reflex con-
nections by the time of grafting. Taken together, these data
suggest that region-specific identity occurs prior to placode
cells encountering migrating neural crest cells. Therefore,
the axial source of the cranial neural crest is likely to be of
secondary importance for formation of central connections.
Ophthalmic and oculomotor sensory neurons share a
common placodal origin
The position of many migrating ciliary ganglion precur-
sors strongly correlates with the position of the oculomotor
nerve, raising the intriguing possibility that the nerve may
be guiding the ciliary precursors to their proper site. This
seems unlikely given that ablation of the developing mid-
brain, which leads to the absence of the oculomotor nerve,
does not greatly affect the number of cells or position of the
Fig. 5. Initial condensation and further differentiation of ciliary neuroblasts. (A–C) A stage 18/19 embryo (E3.25) that had received a focal DiI injection at
8 somites at the level of the midbrain/hindbrain junction immunostained with anti-NF. DiI/NF ciliary ganglion neuroblasts (arrowheads) begin to surround
the oculomotor nerve (green bundle in cross-section). Some DiI nerve fibers (arrows in C) approaching the eye are extensions of DiI ciliary ganglion
neuroblasts. (D) A stage 19 embryo (E3.5) immunostained with anti-HuD (green) and anti-NF (red). Ciliary ganglion precursors continue to differentiate into
postmitotic neurons (HuD) surrounding the enlarging oculomotor nerve and will comprise nearly the entire ganglion as it develops (shown in Fig. 3A).
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forming ganglion (Furber et al., 1987; Hammond and
Yntema, 1958; Jones, 1945). However, we noted the early
presence of placode-derived sensory neurons in this same
location, raising the possibility that these cells play an early
role in patterning the complex peripheral neural circuitry at
the caudal eye level. The sensory fibers soon become in-
corporated into the extending oculomotor nerve and to-
gether form the target for condensing ciliary ganglion pre-
cursor cells.
Prior to this study, the ciliary ganglion was thought to be
a cranial ganglion that was totally derived from the neural
crest, with the remaining ganglia either being placode-de-
rived or having a dual contribution from both placode and
neural crest. Our results are the first to show an early
placodal contribution to the neurons of this ganglion as well.
These neurons are large and reminiscent of somatosensory
rather than cholinergic neurons of peripheral ganglia. Their
central position adjacent to the oculomotor nerve passing
through the ciliary ganglia is consistent with an important
early contribution to this mixed cranial nerve complex.
Similar scattered ganglionic neurons have been identified in
other vertebrates (Bortolami et al., 1977; Tozer, 1912). Both
anatomical and physiological data confirm that these are
afferent neurons that enter the brainstem via the trigeminal
ophthalmic ganglion or the oculomotor nerve and partici-
pate in several types of reflex activity. Sensory neurons in
the trigeminal ganglion and the IIIrd nerve concurrently
undergo spontaneous cell death (Bortolami et al., 1990).
This led to the speculation that the cells may have a com-
mon placodal origin, which our data definitively document.
Our results also demonstrate for the first time, the presence
of placode-derived sensory neurons in the ciliary ganglion
as well as in the ciliary nerve and connecting branches
between the oculomotor and ophthalmic nerves. This is the
first manifestation of the pattern of early cranial neural
circuitry in this region. An intriguing possibility is that these
early differentiating cells may be critical as a scaffolding for
subsequent condensation of neural crest cells that will form
both neurons and glia.
Our DiI labeling of the ectoderm has uncovered a new
ventrally localized post-optic placode that contributes neu-
rons and nerve fibers to the oculomotor nerve and ciliary
ganglion. The ventral placode contributes only a few cells
(one or two dozen only) that are found in association with
somatosensory nerves from the caudal eye region that uti-
lize or provide the scaffolding for the oculomotor nerve and
Fig. 6. DiI labeling of the surface ectoderm reveals a placodal contribution
to the ciliary ganglion and oculomotor nerve. (A) Labeling from the 12- to
21-somite stage (15-h exposure) reveals inward placodal cell migration at
the caudal forebrain (cFB)/rostral midbrain (rMB) level. In this transverse
section through the rostral foregut (FG) and dorsal aorta (Ao), ophthalmic
trigeminal (Trig) placode cells are medial to the labeled ectoderm (Ect);
several cells (arrows) have moved inward close to the aorta. (B) Higher
magnification of a more caudal section at the rostral midbrain level shows
a typical trigeminal (Trig) ophthalmic (placode derived) cell cluster; below
it is a separate group of 4–5 cells (arrows) at the foregut/aorta level which
appears to originate from adjacent ventrolateral placode ectoderm (*). (C)
DiI labeling of surface ectoderm from 12 to 30 somites (stage 11- to 17;
30-h exposure) reveals two zones of inward placode cell migration at the
rostral midbrain level. In this horizontal section through the midbrain
[parallel to the ophthalmic trigeminal (Trig) ganglion/nerve], several DiI
cells (arrows) are medial to the trigeminal ganglion/nerve transition region;
the rostral hindbrain (HB) and caudal forebrain (FB) are included for
orientation. (D) Section ventral to the ophthalmic nerve including the
aortas (DA, VA), foregut (FG), and Rathke’s pouch (RP) contains a few
scattered cells (arrow) in a deeper inner zone medial to thickened placodal
ectoderm (*). (E and F) Examples of adjacent scattered cells (near D) show
differentiation of bipolar neuroblasts (2 of 3 arrows) close to the region
near Rathke’s pouch (RP) where the ciliary ganglion will soon initiate
condensation.
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Fig. 7. DiI labeling of placode-derived cells in the ciliary ganglion and nerve branches connecting the oculomotor nerve/ciliary ganglion with the ophthalmic
nerve. (A) A transverse section through the rostral midbrain (MB) after DiI labeling of the surface ectoderm from 12 to 42 somites (stage 11- to 21, 2 days
exposure). The connecting branch (arrowhead) between the oculomotor and ophthalmic nerves is enlarged in (B) and (C). DiI labeling alone (B) showing
cell bodies (arrowheads) whereas double labeling (C) with DiI and anti-NF illustrating the relationship of cells to the nerve fibers. Oculomotor nerve (OcN),
ciliary ganglion (CG), ophthalmic ganglion/nerve (OpV), and Rathke’s pouch (RP). (D) DiI labeling of the surface ectoderm from 11 somites to stage 25
(3 days exposure). Six or more DiI cells (arrows) occupy a position between Rathke’s pouch (RP), aorta (Ao), and caudal forebrain (FB) medially and the
caudal eye and the DiI ophthalmic ganglion/nerve (OpV) dorsolaterally. Two DiI cells (arrows) and nerve fibers are within the ciliary ganglion/
oculomotor complex (CG, encircled by solid white line). Two or three more cells (*) are clustered nearby among associated ciliary nerve fibers (not shown);
another (arrowhead) is within the forming lateral rectus extraocular eye muscle (EEM). (E) An enlargement of an adjacent section showing DiI/HuD
neurons (arrows). Arrow on the right points to a DiI/HuD neuron close to the oculomotor nerve (OcN) en route to and through the ciliary ganglion (CG).
The arrowhead, asterisk, and arrows in this figure correspond to the same positions as indicated in (D).
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ciliary ganglion. These same placodal neuroblasts appear to
provide the initial connecting sensory fibers between the
oculomotor nerve and the proximal ophthalmic nerve; it is
likely that they also comprise the initial component of the
maxillary nerve of V. An intriguing possibility is that some
of the rostrally migrating neural crest cells at the caudal eye
level (both dorsally and ventrally) follow the fiber pathways
set up by these precocious placodally-derived neurons
(Covell and Noden, 1989; Noden, 1993). For a time, these
are dispersed along the primary nerve fibers rather than
forming a ganglion. They may provide additional Schwann
cells or sensory neurons to the eye region.
Placodal neurons are among the first-born peripheral
neurons
Cells that form the ciliary ganglion condense by stage 18
(E3); neuronal birth in this population begins at E2-2.5 and
is completed by stage 28 (E5.5) (D’Amico-Martel, 1982;
Dryer, 1994; Dupin, 1984; Rohrer and Thoenen, 1987). Our
birth-dating analysis reveals that neurogenesis in the ciliary
ganglion begins even earlier than previously reported. In
particular, the newly described placode-derived population
of neurons begin to exit the cell cycle by stage 9 (E1.5 or
8–10 somite stage). This early origin and concomitant
Pax-3 expression in opV neuron precursors correlates with
both neuronal specification and commitment to opV fate
(Baker and Bronner-Fraser, 2000). Neural crest-derived
neurons are born somewhat later, beginning by stage 13–14
(E2 or 22- to 23-somite stage) and continuing through E5.5,
when the last neurons are born. Their neuronal differentia-
tion occurs post-mitotically after the birth of the first ciliary
neuroblasts; this process begins prior to initial ciliary gan-
glion condensation at stage 18. Although most of these
neural crest-derived neurons are born prior to E5.5, some of
the postmitotic cells remain as undifferentiated precursors
Fig. 8. Early placodal neuroblasts identified by anti-neurofilament staining and cumulative BrdU and 3H-thymidine labeling. (A–C) Fluorescence micrographs
of combined anti-BrdU and anti-neurofilament staining of a stage 15 (E2.5) chick embryo. The embryo was treated with 5 g of BrdU at 16 somites (stage
12) and collected at 26/27 somites (after 16 h). (A) A postmitotic neuron was identified as BrdU- and NF (green, arrow). The numerous BrdU nuclei
(red) indicate that most cells were replicating at the time of treatment. (B) A higher magnification of (A) showing the post-mitotic neuron (green, arrow) in
the future CG region lateral to the foregut (FG), aorta (Ao), forebrain (FB), and caudal to the developing eye. Inset in (B) shows the DAPI stained nucleus
(blue, arrow) of the BrdU- postmitotic neuronal cell body. (C) A pair of postmitotic neurons (green, arrowhead) just dorsal to the caudal eye in a more dorsal
section are young ophthalmic neurons that will likely contribute to the ophthalmic nerve itself rather than the more caudal ophthalmic ganglion (not shown).
Inset in (C) shows the DAPI stained nucleus (blue, arrowhead) of one of the BrdU- postmitotic neurons. (D and E) An embryo that was treated with
3H-thymidine at 8–9 somites (stage 9) and collected at 25 somites (stage 15). A large, very early postmitotic cell (arrow) that is likely placode-derived (PL)
from the postoptic region and is located near the rostral aorta (Ao), comparable to Fig. 8A and B and Fig. 6D.
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and then differentiate into bona fide neurons between E6
and E8 (Lee et al., 2002).
Conclusions
By 4 to 6 embryonic days, the chick craniofacial
region shows the fundamental organizational pattern
characteristic of the adult. In particular, the normal dis-
tribution of cranial sense organs, sensory and motor
nerves, and muscle groups can be recognized even
though further differentiation and growth continues for
some time. We have re-examined the origin of the ciliary
ganglion and associated structures by application of DiI
to neural crest and placodal precursors in combination
with molecular markers and birthdating analysis. Our
results resolve a longterm controversy by showing that
the ciliary neural crest originates form both the caudal
midbrain and rostral hindbrain region. They then migrate
by a circuitous route toward the caudal eye region where
the first arrivals approach Rathke’s pouch and the first
aortic arch level just prior to elongation of the oculomo-
tor nerve into the region. A small number of large pre-
cociously differentiating ganglion cells of placodal origin
are already present in that same region. By mid-E2 (stage
15/16; 27 somites), some of these ventral placode cells
and more dorsal ophthalamic nerve placode cells are
clearly neurofilament positive neuroblasts with elongat-
ing processes.
Some of these placode cells originate from a newly
described placode near the caudal portion of the eye, that is
likely to be a ventral extension of the rostral trigeminal
ophthalmic placode extending beyond the rostral midbrain
toward the dorsal eye (Fig. 9A). These placodal sensory
neurons become associated with the elongating oculomotor
nerve. Secondarily, the differentiating ciliary neural crest
cells become associated with this developing network of
motor and placodal sensory nerve fibers that form the initial
pattern, including connections to the ophthalmic ganglion
(Fig. 9B). Birthdating analyses show that the earliest pla-
codal neuroblasts undergo their terminal cell cycle by the 8-
to 10-somite stage (E1.5), before exiting the placode and
ingressing at the 12- to 15-somite stage. The affinity of the
oculomotor nerve fibers for both placode and crest derived
neuroblasts at E2.5 to E3.5 may reflect the earlier proximity
of their precursor populations. Our data combined with
those from previous transplant studies (Couly and Le Doua-
rin, 1990) suggest these cell populations could have been in
close registry in the neural folds at the rostral midbrain level
lateral to the oculomotor region of the neural plate. In
summary, our vital dye labeling of the dorsal neural tube
Fig. 9. Schematic diagrams illustrating the neural crest (blue) and placode (red) contribution to the ciliary and trigeminal ganglia plus interconnections to the
oculomotor complex. (A) By E2, neuronal and glial precursors derived from midbrain (MB)/hindbrain (HB) neural crest and from dorsal ophthalmic and
ventral post-optic placodes have migrated towards the caudal eye in the vicinity of Rathke’s pouch. (B) By E4.5, neural crest-derived ciliary neuroblasts
continue to accumulate around the distal oculomotor nerve, which contains both efferent and afferent fibers. Associated with the latter are a small number
of sensory neurons primarily derived from the ventrolateral post-optic placode (red dots), indicated in (A), that project toward the ophthalmic ganglion derived
from the trigeminal neural crest and dorsolateral trigeminal placode. These neurons are scattered along the ciliary nerve and ganglion, distal oculomotor nerve
and connections to the proximal ophthalmic nerve. The connections may derive from the ciliary ganglion, ciliary nerve just distal to the ganglion, or
oculomotor nerve proximal to the ganglion. (Illustrated by Paige Elizabeth Fraser.)
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and ectoderm reveals a previously unknown contribution
from an ectodermal placode to the oculomotor nerve and
ciliary ganglion, suggesting a dual neural crest/placodal
contribution to this primarily autonomic ganglion.
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